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In the transformed Arabidopsis fad2/fael plants, increasing levels of hydroxy fatty acids were correlated with a significant decrease in the levels of 18 : 1 accumulating. Levels of other fatty acids showed only minor changes, with the exception of 18 : 2, which increased with increasing hydroxy fatty acid levels. In the case of the Lesquerella hydroxylase this increase is likely to be due to the 18: 1 desaturase activity of the bifunctional enzyme. T h e results for the castor enzyme suggest that it may also be acting as a desaturase.
In these plants the decrease in 18 : 1 levels roughly corresponded to the combined increase in the levels of 18:2 and 18:l-OH. Expression of the hydroxylases in a plant with an active FAD2 desaturase resulted in a dramatic decrease in 18 : 2 content and an increase in 18 : 1 levels. These changes do not appear to correspond simply to competition for substrate between the endogenous oleate desaturase and the oleate hydroxylase. It has been suggested previously that the hydroxylase enzyme may have some direct inhibitory effect on the FAD2 desaturase [3] .
Levels of 20 : 1 -OH (lesquerolic acid) in plants containing a FAEl condensing enzyme were correlated with the amounts of 18 : 1 -OH produced. However, the higher levels of 18: 1 in plants producing hydroxy fatty acids did not lead to an increase in the production of 20 : 1. T o assess the ability of the castor oleate hydroxylase to act as a desaturase the gene was expressed in yeast. Transformed yeast accumulated low levels of 18: 1-OH (Figure 2 ) but also accumulated 16 : 1 -OH and two diunsaturated fatty acids 16 : 2 and 18 : 2. These results confirm that the castor enzyme has desaturase activity, although this is very much lower than that of the Lesquerella hydroxylase (Figure 2 ). acid, 13-HPOD] and linolenic acid [13-hydroperoxy-9(Z),ll(E),lS(Z)-octadecatrienoic acid, 13-HPOT] into volatile C, and non-volatile C,, 0x0-products. This enzymic activity initially was attributed to a hydroperoxide lyase enzyme ; however, subsequent studies showed that this cleavage activity is the result of lipoxygenase activity under anaerobic conditions. Headspace analysis of the volatile products by GC/MS showed the formation of pentane when the substrate was 13-HPOD, whereas a more complex mixture of hydrocarbons was formed when 13-HPOT was the substrate. Analysis of the non-volatile cleavage products from 13-HPOD by liquid chromatography/MS indicated the formation of 13-0x0-9(Z),ll(E)-tridecadienoic acid (1 3-OTA) along with the 13-keto-octadecadienoic acid derivative. When the substrate is 13-HPOT, liquid chromatography/MS analysis indicated the formation of 13-OTA as the major non-volatile product. Aldehyde dehydrogenase (AldDH) oxidizes 13-O T A to an w-dicarboxylic acid, whereas alcohol dehydrogenase (ADH) reduces 13-OTA to an whydroxy carboxylic acid. AldDH and ADH require the oxidized (NAD+) and reduced (NADH) forms of the cofactor NAD, respectively. By combining the action of AldDH and ADH into a continuous cofactor-recycling process, it is possible to simultaneously convert 13-OTA to the corresponding o-dicarboxylic acid and o-hydroxy carboxylic acid derivatives.
Introduction
T h e action of lipoxygenase (LOX, EC 1.13.1 1.12) on linoleic (LA) and linolenic acid (LNA) produces 13-hydroperoxy-9(Z), 1 1 (E)-octadecadienoic acid (1 3-HPOD) and 13-hydroperoxy-9(2), 1 l(E),lS(Z)-octadecatrienoic acid (1 3-HPOT) respectively (Scheme 1, path A). Hydroperoxide lyase enzymes can cleave these 13-hydroperoxides to o-0x0-fatty acids and volatile short-chain fragments [1, 2] . In higher plants hydroperoxide lyase enzymes cleave 13-HPOD and 13-HPOT into C , , o-0x0-fatty acids and a C , fragment [2, 3] . Similarly, hydroperoxide lyase activity from micro-algae, such as Chlorella, cleaves 13-HPOD and 13-HPOT to C,, o-0x0-fatty acids and a C , fragment [4, 5] (Scheme 1). Recently, NuAez et al. [6] reported that LOX activity present in Chlorella pyrenoidosa produced both the 9-hydroperoxy-10(Z),12(E)-octadecadieonic acid (9-HPOD) and 13-HPOD derivatives of LA (Scheme 1, paths A and B) and that LOX under anaerobic conditions was able to cleave the hydroperoxides to o-0x0-fatty acids. T h e substrate specificity of this anaerobic LOX cleavage activity on H P O D was not determined. Zimmerman and Vick [7] initially reported LOX-type activity in C. pyrenoidosa in a partially purified (NH,),SO, fraction, which produced both the 9-and 13-HPOD derivatives (in a ratio of 1 :4) of LA. Later, Bisakowski et al. [8] further purified the LOX activity present in this microalga and showed that the active fractions produced the 9-HPOD derivative together with the 10-hydroperoxy-8(Z), 12(E)-octadecadieonic acid (1 0-HPOD) and 13-HPOD isomers. In both studies it was not established whether this activity corresponded to the presence of one or more LOX isozymes. In the present study, we have isolated by (NH,),SO, precipitation the LOX fractions that produce either the 9-or 13-HPOD derivatives of LA and determined the anaerobic cleavage activity of these LOX fractions on 13-HPOD and 13-HPOT.
Scheme I
Enzymic production and cleavage of hydroperoxides of LA and LNA HPLS. hydroperoxide lyase.
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Results and discussion
In this work the L O X activity present in C . pyrenoidosa was isolated by (NH,),SO, precipitation (40",, and 80"" saturation). T h e active fractions were used subsequently to oxygenate LA to the 9-and 13-HPOD derivatives (Scheme 1).
T h e methylated H P O D products obtained were analysed by liquid chromatography (LC) using a diol column coupled to an electron ionization mass detector [9] . were identified as the corresponding 13-and 9-H P O D trans, trans isomers. T h e 80(9,, (NH,) ,SO, LOX fraction produced the 9-HPOD isomer as the main product ( > 85 "<)).
Scheme 2 shows the products formed by the action of C. pyrenoidosa LOX cleavage activity on 13-HPOT and 13-HPOD under anaerobic conditions. Both substrates produced a mixture of volatile C, monomers as well as C, dimers when 13-HPOT was the substrate. These results are consistent with the L O X anaerobic cleavage mechanisms proposed by Salch et al. [ l l ] . T h e non-volatile products were 13-0~0-9(Z),ll ( E ) -tridecadienoic acid (1 3-OTA) and the 13-keto derivatives of 13-HPOT or 13-HPOD (13-ketooctadecatrienoic acid and 1 3-keto-octadecadienoic acid, see Scheme 2) , and the yield depended on the substrate. When the LOX fractions were assayed for cleavage activity under anaerobic conditions with 13-HPOD and 13-HPOT as substrates, the 40°, (NH,),SO, LOX fraction showed little cleavage activity, whereas the 80 O , ) (NH,),SO, LOX fraction showed high cleavage activity. spectrometry and G C / M S assay of the volatile product. This result together with the cleavage activity in the isolated LOX (NH,),SO, fractions from C . pyrenoidosa indicated that the 9-LOX enzyme is more likely to be responsible for the cleavage of the 13-hydroperoxides. We previously demonstrated [ 131 using 2(@,4(@-nonadienal as a model compound that alcohol dehydrogenase (ADH) and aldehyde dehydrogenase (AldDH) can efficiently produce the corresponding alcohol and acid derivatives of the aldehyde using NADH and NAD+ as a cofactor, respectively. These enzymes have different pHs for maximal activity; however, at p H 7.0 they can be combined into a single process [13] . Treatment of the 13-0TA with ADH/AldDH containing 10 wt "' 0 of NAD+ converted it to the corresponding o-hydroxy and w-dicarboxylic acid derivatives with > 90"" conversion (Scheme 2). Analysis of the methylated products was done with an LC/ M S (electron ionization) method using a C,, column (1 50 mm x 2 mm) and a solvent gradient of water/acetonitrile (45 : 55) to 100 O o acetonitrile. T h e L C / M S chromatogram had two peaks with retention times of 7.7 and 12.9 min. T h e peak at 7.7 min had a UV maximum at 234 nm and the mass spectrum contained ions at m / z (relative abundance) 240 (11.4O") [MI, 222 (14.79") [MI, 236 (38.8 " 6 ) [M-methanol] and 204 (29.1 ";)) [M-2 x methanol], consistent for the dimethyl esters of 953 the o-dicarboxylic acid derivative of 13-OTA When C. pyrenoidosa cells are lysed with cold acetone, the enzymatic cleavage activity is not water soluble but associated with the acetone powder [9] , which can be recycled up to five times. T h e first two cycles retain 90% of the original activity, which slowly declines to < 20 yo after the fifth cycle. This suggests that by combing the 9-LOX enzyme with the A D H and AldDH enzymes a bioreactor for the production of the polymer precursors shown in Scheme 2 could be developed. 1131.
&(CH,),COOH C5

